Many studies aimed at investigating bone repair have been conducted through animal models in recent years. However, limitations do exist in these models due to varying regeneration potential among different animal species. Even using the same animal, big differences exist in the size of critical size defects (CSD) involving the same region. This study aimed to investigate the standardization of radial bone defect models in rabbits and further establish more reliable CSD data. A total of 40 6-month-old New Zealand white rabbits of clean grade totaling 80 radial bones were prepared for bone defect models, according to the principle of randomization. Five different sizes (1.0, 1.2, 1.4, 1.7 and 2.0 cm) of complete periosteal defects were introduced under anesthesia. At 12 weeks postoperatively, with the gradual increase in defect size, the grades of bone growth were significantly decreased in all 5 groups. X-ray, CT scans and H&E staining of the 1.4, 1.7, and 2.0-cm groups showed lower grades of bone growth than that of the 1.0 and 1.2-cm groups respectively (P < 0.05). Using rabbit radial defect model involving 6-month-old healthy New Zealand white rabbits, this study indicates that in order to be critical sized, defects must be greater than 1.4 cm.
Introduction
Bone defects, especially segmental long-bone defects caused by nonunion, delayed union and other factors are common challenges in orthopedic treatments [1] [2] [3] . Unless the defect size was extensive, the bone defect will heal spontaneously, requiring no further intervention. However, bone tissue engineering is warranted for extensive defects that cannot heal spontaneously. Well-established experimental animal models constitute the basis for the research of bone tissue engineering [4] [5] [6] [7] [8] .
Many studies aimed at investigating bone repair have been conducted using animal models in recent years. However, limitations exist due to varying regeneration potential among different animal species. Even though the same species is used, big differences exist in the size of a critical defect (CSD) involving the same region [5, 9] . CSD is defined as the smallest size of the intraosseous wound in a particular bone and species of animal which shows less than 10% spontaneous healing during the lifetime of the animals [10] [11] [12] . The use of tissue engineering techniques to repair radial defects in New Zealand white rabbits have been reported in several recent studies [3, 5, [12] [13] [14] . The rabbit's forelimbs are braced by the intact ulna without internal fixation following middle radial defects. The mid-diaphyseal radius is a common site for bone defect models. However, literature reported that bone defects varying between 1.0 and 2.0 cm including sizes of 1.0 cm [15] [16] to 1.2 cm [17] could not heal after a period of time. In many studies the critical size of radial defects was 1.5 cm [3, [18] [19] [20] . Several researchers also reported the size of 2.0 cm [21] [22] with satisfactory results. In previous studies, we found that spontaneous healing occurred when the size of radial defects (including the whole periosteum) in rabbits was between 1.0 cm and 1.2 cm. In addition to the standardization of the radial bone defect model in rabbits, more reliable CSD data for future bone repair research was also obtained.
Materials and Methods

Experimental animals
The animal study proposal was approved by the Institutional Animal Care and Use Committee (IACUC) of the Fudan University with the permit number: 2013-030-01. Experimental procedures were performed on all rabbits in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of People's Republic of China. All surgery was performed under anesthesia, and all efforts were made to minimize suffering. The Experimental Animal Center of Fudan University provided 40 6-monthold, clean grade, New Zealand white adult rabbits (20 male and 20 female) with an average weight of 2.5 kg (range, 2.2-2.8 kg). Healthy rabbits were used as reported in a previous study [5] . Animals were disposed of according to the Guidance Suggestions for the Care and Use of Laboratory Animals released by the Ministry of Science and Technology of the People's Republic of China.
A total of 80 bilateral radii were randomized. The middle segments, including the periosteum, were resected. Based on the size of defects, the middle radial defects were divided into 5 groups of 1.0, 1.2, 1.4, 1.7, and 2.0 cm.
Establishment of the radial defect model
A total of 40 rabbits were anesthetized with diazepam (2 mg kg -1 , SunRise Pharma, Shanghai, China) and ketamine (40 mg kg -1 , GuTian Pharma, Fujian, China) by intramuscular injection (i.m.). Sodium Chloride (NaCl) (0.9%) (HuaLu Pharma, Shandong, China) was applied to the eyes to prevent drying. Anaesthesia was maintained by administrating 40 mg kg -1 ketamine by i.m. After anesthetizing, the rabbits were immobilized in a prone position. Both forelimbs were upward and shaved, disinfected with iodine and alcohol, and covered with sterile towels. An incision was made in the middle and upper section of the radial forearm, from which the skin, subcutaneous tissue and deep fascia were incised. After dissecting the muscles and exposing the radius, an orthopedic microelectric drill (Trauson Medical Instrument Co. Ltd, China) was used to remove a section of the radius including the periosteum, approximately 2.5-3.0 cm below the head of radius. Full thickness segmental defects of 1.0 cm, 1.2 cm, 1.4 cm, 1.7 cm and 2.0 cm in length, the diameter of radius in depth were created with 16 resected radii in each group. The edges of the defects were smoothed using a rasp to attain the designed size (1.0, 1.2, 1.4, 1.7, 2.0 cm) with the help of the vernier caliper. 0.5 cm sections of radioulnar interosseous membrane and 0.5 cm periosteum were removed on both sides of the broken ends. The bone fragments, related coagulation scab, and bone marrow tissues were washed with 50-ml normal saline (HuaLu Pharma, Shandong, China). After hemostasis and wound re-washing, the fascia, subcutaneous tissues and the skin incision were sutured with absorbable 4/0 surgical sutures (Ping'an Medical Equipment CO. LTD, Huai'an, China) by suturing in two layers after saline (HuaLu Pharma, Shandong, China) irrigation. The wound was disinfected with alcohol. After surgery, both forelimbs were not fixed and the rabbits were intramuscularly injected with penicillin [23] [24] [25] [26] 
Postoperative observation
After surgery, all the animals were exposed to the natural and artificial lighting 12 h light (08:00-20:00), 12 h dark (20:00-08:00). Animals were housed at room temperature 18 ± 3°C and relative humidity (55 ± 15%). The feeding condition, weight, body temperature, breathing, appearance of surgical limbs, the possibility of incision infection and the movement function of rabbits were investigated. At 12 weeks, the animals were euthanized with an overdose of ketamine hydrochloride (GuTian Pharma, Fujian, China) and the local bone callus formation in the defect sites was observed along the original incision.
Radiographs
Radiographs of both anterior limbs were taken in the medio-lateral projections (49 kV, 5.0 mA, 33 ms, digital X-ray machine, Siemens AG, Munich, Germany) on the first day and 12 weeks postoperatively after being anesthetized with diazepam (2 mg kg -1 , SunRise Pharma, Shanghai, China) and ketamine (40 mg kg -1 , GuTian Pharma, Fujian, China) by intramuscular injection (i.m.). NaCl (0.9%) (HuaLu Pharma, Shandong, China). New bone growth was determined by evaluating the gray scale X-ray images. In Kasten's study [3] , the visually determined threshold for newly formed bone was set at 60±15. For this study a threshold was selected visually followed by the determination of a threshold for the bone and tissue of bone defects. Consequently, the ranges and means of the gray levels characteristic of the bone and soft tissue were set at 40 for all X-ray image analyses done for this study. The size of different bone defects on the first day postoperatively was measured again on the X-ray, which was compared with the former measurement during surgery to verify the exact size of different defects. According to a modified scoring system (Fig 1) [5], the connection of the broken ends in bone defects was determined using an efficacy grade to evaluate the increased density shadow in bone defects radiographically at 12 weeks. The connecting degree of new bone callus in bone defects was further determined two-dimensionally [14] . Mean grades were calculated in each group to quantify the new bone formation of the defects. The group attaining higher radiographic score was considered to have more new bone formation and be easier to spontaneous healing.
CT scan and 3D reconstruction
Computed tomography (CT) scanning and three-dimensional (3D) reconstruction detection (80kV, 40mA, Somatom Sensation 40, Siemens AG, Munich, Germany) were performed in surgical limbs of rabbits in all groups at 12 weeks postoperatively after being euthanized with an overdose of ketamine hydrochloride (GuTian Pharma, Fujian, China), to further examine the size of the defects of radius. The threshold of new bone growth was set by the same value as that of X-ray. The efficacy grade of new bone area was evaluated using the same scoring criteria as for the radiographs [5, 14] . All animals were euthanized at 12 weeks postoperatively. A total of 80 specimens (including the adjacent ulna) from bone defect sites were fixed with 10% paraformaldehyde (XingYinHe Chemical Ltd, Hubei, China), and were decalcified by formate-sodium formate (Boster Biological Ltd, Wuhan, China). After decalcification, the samples were cut along the longitudinal plane on the microtome (BoNa Biological Ltd, Xiaogan, Hubei, China) for gross observation, then embedded in lab-grade paraffin wax (FangZheng Chemical Ltd, Sichuan, China). Four longitudinal plane sections (parallel to the long axis of bone, 5mm in thickness) from each implant was prepared and stained with hematoxylin and eosin [27] . New bone formation was quantified by the same examiner in a blind study. The region of interest (ROI) of morphometric calculations within the radius defect was based on previous studies [28] [29] . The ROI was underlined with mature ulna cortical bone wall and two mature radius defect walls (proximal and distal) as borders in photomicrograph of the rabbits' forearm longitudinal section. Mapinfo software (provided by School of Life Sciences, Fudan University, Shanghai, China) [23] was used to digitize the micrographic images. The type of tissue was identified manually, marked and assigned to a color, where bone (red) was distinguished from soft tissue (blue) using threshold setting [3, 18, 20, 30] . The quantity of new bone formation within the ROI was determined based on gray scale in X-ray images and the threshold was set at the same value to analyze all the histological images. Four images were evaluated from each cross section. The average percentage of new bone tissue area was used to analyze the bone growth of radial defects.
Statistical analysis
A power analysis [31] [32] was done and the minimum size of sample in each group was determined to be 12. So in our study we chose 16 as the sample size of each group in our study. Statistical analyses were performed with software SPSS 13.0 (SPSS, Chicago, IL) and all data was expressed as the mean ± SEM. X-rays and CT grades of bone defects for each group were evaluated by analysis of variance (ANOVA) and Bonferroni. P < 0.05 was considered statistically significant.
Results
Number of experimental animals
Forty rabbits were included in the study. Two weeks later one rabbit died due to fracture and infection. It was replaced with another rabbit promptly. A total of 40 rabbits were analyzed.
General conditions
All rabbits regained independent feeding ability with normal gait, following recovery from anesthesia. No apparent signs of infection such as red, hot incision or exudate were observed, other than one rabbit in the 1.2-cm group which died due to a forelimb fracture deformity and infection. At 12 weeks after surgery, in the 1.0-cm group, bone union was seen in most defective sites. Spherical calluses formed locally, with completely healed and reshaped bone accompanied by bone marrow cavity recanalization. Nonunion was only found in one sample of this group: the defective sites were filled with fibrous tissues. In the 1.2-cm group, nonunion was detected in only three samples. Significant eruption of calluses was seen in samples taken from the 1.4-cm, 1.7-cm, and 2.0-cm groups. Calluses were gradually formed from high to low with a wedge or slope shape. Occasionally, newly formed calluses were also found in the ulna that was adjacent to the defect. The most obvious defects lied in the central part where increasing calluses exist, therefore urging the calluses slope from both sides to the central of the defect. This phenomenon resulted in a bowl-shaped cross-section. The center of the defects was covered with fibrous or fat connective tissue. Both borders of the defects in the "bowl surface" were covered by newly formed and irregularly-shaped callus. The quantity of callus declined gradually with increasing defect size (Fig 2) .
Radiographs
On the first day postoperatively the size of different bone defects on the X-ray showed no statistical differences with the measurement of bone defects during operation (Fig 3, P >0 .05). X-ray examination immediately after surgery confirmed that the size of defects in each group was 1.0-2.0 cm exactly, with no fracture involved (Fig 4A-4E) .
At 12 weeks after surgery, in most samples from the 1.0-cm and 1.2-cm groups, the defective sites were covered with callus and the ends were connected by a bony bridge. In the 1.0-cm group, most bone defects healed completely, with limited marrow recanalization. In the 1.4-cm, 1.7-cm, and 2.0-cm groups, newly-formed calluses were reduced gradually. Both the grades of new bone growth and marrow recanalization were significantly decreased with a lower bridging rate. The size of the central bone defect gradually increased with respect to an increase in created defect size (Fig 4A'-4E' ). Using ANOVA, it was found that the 1.0-cm and 1.2-cm groups scored significantly higher compared with the other groups (Fig 5, P < 0.05) .
CT scan and 3D reconstruction
CT scan and 3D reconstruction were performed at 12 weeks after surgery. The defects were connected by irregular spherical callus in most samples from the 1.0-cm and 1.2-cm groups. In samples of the 1.4 cm, 1.7 cm, and 2.0 cm groups, callus connections were significantly decreased and the central defect size was specifically defined. In the 1.4 cm group, some samples showed calluses or bone or trabeculae already bridging both ends of the defect on the Xray. However, overlapping zigzag callus and embedded soft tissue were found in defect sites by CT and 3D reconstruction, which indicated that the bone defects were still unconnected. In the 1.7-cm and 2.0-cm groups, the defect connection rate was gradually decreased and with the increase of defect size, the grades of new bone growth decreased significantly (Fig 6A-6E) . Using ANOVA, the grades of 1.0-cm and 1.2-cm groups were significantly higher than that of the other groups (Fig 6, P <0 .05).
Histology
Histological assay at 12 weeks after surgery showed a large amount of newly formed callus in most samples of the 1.0-cm and 1.2-cm groups (Fig 7) . Bone cells arranged regularly and in some samples the mature Haversian system was found (black arrow, Fig 7A) . The arrangement of trabecular bone structure was restored. In these two groups bone defects almost completely healed, except for immature lamellar bone formation with irregular bone tissue in a few samples [7] , with bone defects engulfed by fibrous or fat tissues. In tissue sections of the 1.4-cm, 1.7-cm, and 2.0-cm groups, medullary cavities were enclosed by immature newly formed woven bones or bone-like tissues. Trabecular bone formation was decreased toward the defective center. Periosteal reaction and thick new bone-like tissues were found at the bottom of the defects. Osteoblasts and chondroblasts could be detected in all five groups (red and blue arrow, Fig 7) , which showed this area should be immature bone tissue, i.e., this part should be the new bone tissue [33] [34] . The central defect size was reduced with the increase of created defect size (Fig 8) . The area percentage of newly formed bone in 1.0-cm and 1.2-cm groups showed significantly higher than those in other groups (Fig 7, P <0.05) . 
Discussion
According to ASTM Standard F2721, CSD models in animal experiments for the tissue engineered constructs are defined as "a defect that will not heal without intervention". They have been described for small (i.e., mouse, rat, rabbit) and large (i.e., dog, sheep, pig) animals. Generally large animal models are advantageous in terms of the dimensions and biomechanical situations, however, they are labor, time, and cost intensive. Small animal models could avoid the demerits of large animals, especially for large sample sizes, so they are considered to be more suitable for fundamental research problems and screening experiments [35] . For example, CSD in the femur of Wistar rats is 5 mm [35] , in the femur of C57BL/7 mice is 2.5mm [36] , while in an adult guinea pig, the CSD (diameter) within the calvaria is 8mm [37] , and in dogs the CSD of the ulnar is 2.0 cm [38] . In recent years, the CSD of radial bone defects in New Zealand white rabbits were largely applied to tissue engineering research. In this study, we selected an identical number of male and female rabbits aged six months, with similar weights and who were raised in the same environment. At 12 weeks post CSD surgery, we conducted radiological and 3D CT examination as well as observing the clinical signs, such as body temperature, breathing, movement, weight, food and water consumption, assessment of the incision, gross observation of the defect site and tissue sections. It was found that a high chance of spontaneous healing occurred when the defect size was 1.0 cm or 1.2 cm. When the defect size was above 1.4 cm, the grades of bone growth were significantly less compared with the 1.0-cm and 1.2-cm groups. This indicated 1.4 cm was more consistent with the requirement of tissue engineering models.
Defect size is one determinant of the degree of bone healing. The experimental animals' age, weight, and gender, also affected the rate of union [39] . Bolander indicated that the middle of the full periosteum should be used as the defect site in the radial defect model and the size was at least twice the diameter [40] . Johnson showed that complete bone defects need to occur under an environment that was not conducive to bone growth. For example, if the defect size was more than 3-4 times the diameter of the backbone, or associated with less red bone marrow and partly covered with less muscle, spontaneous healing does not occur [41] . The average diameter of radii measured in this study was 0.2 cm-0.4 cm. Zhang selected 1.0 cm as the CSD of middle radial defects in rabbits [15] and Xu selected 1.2 cm [17] . In both cases, no spontaneous healing was detected. Most experts preferred 1.5 cm as the size of middle radial defect. Kasten [3] , Niemeyer [18] , and Geiger [19] created a radial defect model by resecting a 1.5-cm segment in the distal radius (including the periosteum). They removed periosteum 0.5 cm both proximal and distal to the defect. At 16 weeks after surgery, no bone union was seen and the broken ends were enclosed with a small amount of newly formed callus, which was in line with the standard of bone defect models. Cheng [25] made a 1.5-cm radial segment defect (including the periosteum) after which complete hemostasis was performed. At 12 weeks after surgery, no bone connection was found and the defect sites were filled with fibrous scar tissues. In Cheng's research [25] , 800,000 unit of penicillin was administrated each day for 3 continuous days postoperatively. Penicillin has also been used in other studies [23] [24] 26] . The animals in their studies survived during the study period with no evidence of inflammation or infection at the implantation site. However, whether antibiotic had influence to bone growth in the defects is under discussion. To address this question, some scholars have done related research. Sculean applied a randomized, controlled, blinded, clinical investigation to determine the effect of postsurgical antibiotics on the healing of intrabony defects following treatment with enamel matrix proteins [42] . The test group received a combination of systemic antibiotics consisting of amoxicillin and metronidazole daily for 7 days starting the day of surgery, whereas the control group did not receive any antibiotics. No statistically significant differences between the 2 treatment modalities in any of the investigated clinical parameters were found at 1 year after therapy. They concluded that the treatment of intrabony defects with enamel matrix proteins with or without postoperative administration of antibiotics resulted in the same good clinical outcome, which also suggested amoxicillin and metronidazole had little to do with the healing of bone defect. All the factors affecting new bone growth should be avoided as much as possible while studying CSD. In view of routine clinical therapy for infection and previous studies, we used penicillin 130,000 U kg-1 for each rabbit postoperatively for 3 days in our animal experiment. Under this treatment, one animal had to be removed from the study, but there were no notable inflammation or infection indicators in any of the other animals. On the other hand, age should be an important factor in bone regenerative behavior for experimental animals [5] . However, some previous studies did not mention the animal age when dealing with criticalsized radial defects [43] [44] , or only focused on radiographs that the epiphyseal plates were closed [22, 45] . To certify the importance of age in animal experiments, Bodde conducted research on 1.5-cm and 2.0-cm radial defect models in 4-month-old New Zealand white rabbits [5] . At 12 weeks after surgery in their study, analysis of radiographs, 3D CT reconstructions, and histology indicated that 6 out of 16 cases of 2.0-cm bone defect and 7 out of 15 cases of 1.5-cm bone defects showed a state of nonunion. Typical New Zealand white rabbits mature and experience complete skeletal growth between 19 and 32 weeks [46] [47] . However, fourmonth old New Zealand white rabbits have been found to reach approximately 95% of their adult length [48] . For this study, the high incidence of nonunion suggests that the subject rabbits were not mature and still possessed a high potential of bone regeneration similar to newborn animals [5, 49] . Therefore, it was concluded that healing of bone defects was easier in younger rabbits. It was suggested that the rabbits selected for experiments should be at least 6-months old. While bone remodeling in humans takes approximately 2 to 8 months [50] , this timeframe can be much shorter in animals [49] . Therefore, in our present study the observation period of bone defects was 12 weeks, in accordance with previous research [5] .
In previous studies, CSD changed greatly from 1.0 cm to 2.0 cm. It was found that the bone growth in 1.0-cm and 1.2-cm rabbit radial defects (the full periosteum) was greater. Based on previous studies in which such sizes were applied, we further investigated the critical size of middle radial bone defect in rabbits. We used 40 6-month-old New Zealand white adult rabbits (20 male and 20 female) with an average weight of 2.5 kg. Rabbits were fed by the same breeder and surgeries were performed on the same day. We created radial defects (including the full periosteum) of 1.0 cm, 1.2 cm, 1.4 cm, 1.7 cm, and 2.0 cm [51] [52] . In addition, the interosseous membranes were removed to minimize the possible deviation or margin of error in spontaneous healing caused by the presence of periosteum and interosseous membranes. At 12 weeks after surgery, results of X-ray, CT and pathological scoring indicated that in the 1.0-cm and 1.2-cm groups, the grades of new bone growth in the defects were higher than that of other three groups. In some samples, bone marrow recanalization was detected, differing from previous reports. In groups with a defect size above 1.4 cm, the grades of bone growth in the defects were significantly decreased. In the 2.0-cm group, there was only one case in which the callus seemed to be connected, but bone nonunion was still detected with CT and pathological sections. The common radiographic criteria was recently adopted in the clinical trials of fracturehealing, meanwhile the bias of radiographic score would be unavoidable. The healing of the defects in the rabbits' radii by injection of the fluorochrome labeling such as calcein twice before necropsy has been utilized in the recent studies [53] . The process of bone neodeposition could be revealed by intravital marker with fluorescence microscopy, as well as the course of bone defect healing process in the examined subjects [11] . To calculate the mineralized surface per bone surface, researchers have applied mineral apposition rate and bone formation rates relative to bone surface or total volume, respectively [54] . However, the new bone growth in bone defects could approximately be evaluated by our radiographic scoring system and static histomorphometry. Future studies aiming at dynamic histomorphometry using calcein green injections would make measurement of new bone formation more accurate.
The most important and novel findings in the present study are as follows: (1) In defect sizes less than 1.2 cm, the grade of bone growth was relatively high; (2) The grade of bone growth in groups with a defect greater than 1.4-cm was much lower than that of the 1.0 and 1.2 cm groups respectively (P < 0.05). Therefore, in bone tissue engineering, models with radius defects greater than 1.4 cm (involving periosteum) have been proved to be the critical size.
